ABSTRACT
INTRODUCTION
In the public domain, there are many database resources available for specific protein families, for example, the Protein Kinase Resource (PKR) (Smith et al., 1997) , MEROPS, the peptidase database (Rawlings et al., 2004) , and TRANSFAC, the transcription factor database (Matys et al., 2003) . The research communities working in these areas, as well as scientists from other disciplines, rely on these resources as central reference points for current information. However, to keep the information current in traditional database resources requires a labour-intensive approach and is fully dependent upon continuation of funding. Consequently, some of these resources have a useful life span of only a few years despite the fact that the community they support requires their continuation.
We propose that the use of a domain-specific ontology will significantly reduce these sustainability problems as well as offering further advantages in managing data as the formal ontology structure allows * To whom correspondence should be addressed.
for the development of diagnostic tools for automated classification of proteins into subfamilies.
The model system we have built has been developed using two different protein families, protein phosphatases, from the enzyme superfamily, and ABC transporters from the transporter superfamily.
Current problems with traditional biological database resources
Protein family resources contain detailed knowledge about very specific domains. In order to produce a useful resource the quality and accuracy of the data is paramount. In the post-'omic' era, however, isolating specific data from heterogeneous biological resources has become a major issue. The volume of data in the public domain is vast and continues to grow. Extracting relevant data without omitting data and without introducing irrelevant information is a challenge. The main problems lie in interpreting biological nomenclature and the multitude of synonyms and acronyms which can be used to describe a single protein, identifying data provenance and extracting data from computationally unprocessable natural language.
Traditional approaches to database population have generally involved keyword searches, which immediately excludes unannotated or poorly annotated data. It also excludes proteins annotated with synonyms unknown to the user. Of the data that is retrieved in this manner, some biological resources do not record the sources of their data, so the user cannot view evidence of the annotation.
An alternative approach to keyword searching is to rely on sequence identity or functional motif detection. The success of this method, however, is dependent upon the protein family in question. Some protein families have a high degree of sequence identity, or contain the same protein motif(s) that are unique to members of that family alone. For example, serine/threonine and tyrosine kinases share a conserved catalytic core. Searching for all proteins containing the signature sequence for this catalytic core will extract the kinase subset. Unfortunately, many protein families do not have such clear diagnostic regions. Protein phosphatases, for example, have many different gene families with distinct catalytic regions. In addition, some phosphatases are protein complexes containing multiple subunits. Whilst there may be conserved regions in the catalytic sites, many regulatory subunits are unrelated or have little conservation. Consequently, they cannot be extracted in this manner.
Clearly, traditional approaches to data capture and management have their limitations. For this reason, we have adopted an alternative method that does not rely on keyword searches or sequence identity, but instead uses ontology.
The Gene Ontology (Gene Ontology Consortium, 2004 ) is a controlled vocabulary that has become the 'de facto' standard for describing gene products. There are now over 17,500 terms in GO and its use is so widespread that existing biological resources, such as UniProt (Apweiler et al., 2004) , PDB (The PDB Team, 2003) , enzyme (Bairoch, 2000) , LocusLink (Pruitt and Maglott, 2001 ) and many more, are annotating their data to GO terms. The consequence of this is a unifying method of extracting data. By simply searching for all proteins associated with a particular GO term, data from heterogeneous sources can be retrieved automatically and efficiently. Problems associated with protein synonyms and data provenance are also addressed using this method. A single GO term has associated with it all known synonyms for that biological term. The user does not need to know all of them in order to access the information. Also, when a protein is associated with a GO term, the evidence for the association is recorded. This could be direct experimental evidence or it could be sequence similarity to another protein, but providing the user with this information provides confidence in the data and allows the user to ignore data from untraceable sources should they wish.
Protein family test cases
Protein phosphatases and ABC transporters are both large protein families with active research communities and very different, but equally important, biological functions. Protein phosphatases, in conjunction with protein kinases, are involved in the control and regulation of numerous biological processes and cellular pathways. For example, cell signalling cascades, cell cycle regulation, cell growth and differentiation and homeostasis (Barford et al., 1998; Berndt, 2003; Tonks and Neel, 2001) .
Protein phosphatases are targets for medical and pharmaceutical research as they have been associated with a number of serious human diseases, such as cancers, neurodegenerative conditions and, most recently, diabetes (Zhang, 2001; Schonthal, 2001; Tian and Wang, 2002; Goldstein 2001) .
ABC transporters are primarily involved in the intra-and intercellular transport of a variety of biological molecules mediated by the binding of ATP. Transported molecules are either xenobiotic or naturally produced and can be transported both into and out of cells/organelles depending upon the specific ABC transporter protein (Dean and Allikmets, 2001; .
ABC transporters are also targets for medical and pharmaceutical research. Some ABC family members are responsible for multidrug resistance (Schinkel and Jonker, 2003) which interferes with the delivery of pharmaceuticals and affects the treatment of cancers and virus infections. Other ABC family members have been implicated in atherosclerosis and coronary artery disease and so are of great interest to those working on cardio-vascular health (Borst and Elferink, 2002) .
Building protein family resources
The GO describes the molecular function, biological process and cellular component attributes of gene products. Using GO to extract data from biological sources allows for efficient database population, but the structure of GO is not rich enough to adequately describe a protein family domain. The purpose of GO was never to describe protein families; consequently, protein families cannot be completely described using GO terms alone. Physical attributes of the proteins need to be considered, such as domain structures and the presence/absence of motifs. Data needs to be captured regarding what happens to a function or process in the event of a mutation. Currently, GO is concerned only with the 'normal' state. Tissue and cell distribution also cannot be determined using GO.
For this study, we have built a domain-specific ontology to represent protein families. The ontology model represents a generic template describing protein properties that was applied to both protein phosphatases and ABC transporters. The ontology incorporates GO terms as well as protein attributes identified by domain experts as being necessary components of a protein family resource (see Systems and Methods section).
SYSTEMS AND METHODS

Architectural overview
There are two main aims for this project. The first is to demonstrate the use of ontological technology in managing and maintaining biological resources. The second is to provide the biological research communities with a sustainable, useful resource. To give a brief overview of the architecture of our system, a DAML+OIL (Horrocks, 2002) domain-specific ontology was constructed using the OILED editor (Bechhofer et al., 2001 ). The ontology reflected the current knowledge of the domain, taking information only from peer-reviewed literature to preserve data provenance. GO terms were also incorporated into the model to enable data extraction from biological databases.
The structure of the ontology was used to construct a relational database schema, where ontological classes form entities and properties form attributes in the database. A MySQL database was used for the protein phosphatase resource and an Oracle database was used for the ABC transporters.
The user interface to the system was developed in two different ways, for the phosphatases, there is a java servlet interface and for the ABC transporters, the user interface was produced using Spacetree (Grosjean et al., 2002) a java program designed to show hierarchical data structures.
Developing the protein family ontology
The ontology model was built in close collaboration with domain experts from both the phosphatase and ABC transporter communities. In the case of the protein phosphatases, domain experts were consulted by presenting the project proposal at the annual protein phosphatase conference (FASEB summer conference, 1999 and 2003) and asking interested parties to participate. In the case of the ABC transporters, the resource was developed as an internal industrial resource and domain experts from within the company were identified by our collaborators.
Each group was asked to produce a list of requirements for the types of data to capture in each family domain (Table 1 ). An ontology editor, OILED developed at the University of Manchester, was used to construct a DAML+OIL ontology for each domain that reflected these requirements.
The protein phosphatase ontology was constructed initially and the model was used in the development of the ABC transporter ontology upon comparison with the ABC transporter community user requirements. When comparing these requirements, it is apparent that each community is concerned with capturing the same types of data. Table 1 clearly demonstrates the similarities between the protein family requirements and is the key to the generic aspect of the family ontology. Each group is concerned with identifying disease-causing mutations, mechanisms of protein regulation, molecular structure and tissue distribution. Each group also has molecular 'substrates', which should be considered to be molecules acted upon by the protein; i.e. the proteins that are dephosphorylated by the phosphatases and the molecules that are transported by the ABC transporters.
For the protein phosphatases, molecular dependencies were considered important. Many phosphatases require metal ion binding for activity and these dependencies form part of the subfamily classification, hence their importance. In the ABC transporters, each protein is dependent upon the binding of ATP, but the fact that it is the same for all means this information does not need to be captured in the same way, although it is equally valid in the ontology model. Some of the attributes identified by both communities were attributes of genes rather than proteins, for example, 'genetic location' and 'known mutations', but mutations are manifested at both genotype and phenotype and therefore could have an effect upon all the other identified protein attributes. Figure 1 shows the relationship between gene and protein in our ontology model.
The ontology model
The protein family ontology model was produced using the formal description logic language DAML+OIL [eventually migrating to the Web Ontology Language (OWL) which is the World Wide Web Consortium standard].
In a DAML+OIL ontology, terms (or classes) can be represented in hierarchies of 'is a' relationships, but the actual definitions are constructed from the attributes assigned to each class. For example,
(1) Class protein tyrosine phosphatase is a subClassOf protein phosphatase; or protein tyrosine phosphatase 'is a' protein phosphatase.
(2) Class protein tyrosine phosphatase restriction onProperty dephosphorylates hasClass tyrosine; or protein tyrosine phosphatase dephosphorylates tyrosine residues.
Each class can have a number of attributes in the form of 'restriction onProperty value'. Cardinality and negation relationships can also be defined. For example, ABCA4 has exactly 2 ATP-binding sites and exactly 2 transmembrane regions. Protein phosphatase type 2A requires no metal ion to function. In this manner, the computer is able to capture the understanding of what it is to be a phosphatase or ABC transporter in a comparable manner to the understanding of the research communities. This description logic definition matches the accumulated knowledge of the community. Using a description logic language provides added advantages to data management. The formally defined terms allow 'reasoning' over the data, which enables the ontology to be checked for logical inconsistencies and also allows for automated classification.
Database population
The domain-specific ontology incorporates GO terms. For instance, a protein phosphatase has the molecular function 'phosphoprotein phosphatase activity (GO:0004721)' and a receptor-type protein tyrosine phosphatase has 'transmembrane receptor protein phosphatase activity (GO:0019198)'. Extracting all data from biological sources using these GO terms provides an efficient method of data acquisition (Wolstencroft et al., 2004) . All proteins annotated to each term can be considered instances of that ontology class and each protein instance receives a unique protein identification number. External accession numbers are also preserved for data provenance.
Parsing external biological resources for any proteins annotated to protein family-specific GO terms is a straightforward process. Automated scripts can be run over every new data release to compare proteins annotated to relevant GO terms with proteins already in the database using the unique identifiers preserved from source databases.
IMPLEMENTATION
Database and ontology schema
The structure of the ontology provides the concepts necessary to describe individual proteins, but it does not contain the individual proteins themselves. The underlying database acts as an instance store for the ontology. Figure 1 shows the database schema highlighting terms from the underlying ontology. As the requirements analysis demonstrated, both protein family communities were interested in capturing the same information, so we were able to use the same ontology model for both protein families.
An example of a data 'instance' for both protein phosphatases and ABC transporters is shown in Table 2 . The ontology class for each attribute is shown in the left-hand column.
Biologists tend to describe proteins in terms of functional and structural properties. For example, an ATP-binding cassette transporter is a protein that transports other molecules mediated by the binding of ATP. The presence of the ontology means that the computer can 'describe' proteins in much the same way. If you ask a phosphatase expert what a protein phosphatase type 2B is, they would say it is a serine/threonine phosphatase (i.e. it removes phosphate groups from serine or threonine residues) and it is involved in calcium-dependent signal transduction pathways. They may say it is made up of two subunits, calcineurin A and B for catalysis and calcium binding respectively (Rusnak and Mertz, 2000; Hemenway and Heitman, 1999) . They may also say what it is inhibited by and that it requires calmodulin and calcium for activation. The example shown in Table 2 describes a protein phosphatase 2B in a similar fashion. The ontology model is designed in such a way that the domain expert's concept of a protein is consistent with that of the ontological description. The structure of the ontology means that the data is stored in a computationally amenable form with no data being buried in free-text descriptions.
The user interface-two different approaches
The protein family ontology has a complex structure. It contains simple taxonomic relationships, e.g. an ABC transporter 'is a kind of' transporter which 'is a kind of' protein. However, it also contains other relationships, for example partative relationships. Subunits A (scaffolding), B (regulatory) and C (catalytic) are all 'part of' protein phosphatase 2A. In order for protein phosphatase 2A to exist in an active form, it must have one of each of those constituent parts. Representing these different types of relationships to users, in a visually compelling manner, presents a complex task. For the protein phosphatases, this task has not yet been tackled. The ontology is used to organize and manage the data, but the user does not see the ontology. Instead, the user access is via the database created from the ontological structure. However, for the ABC transporters, the use of the Spacetree program enabled the question of visualizing the ontology to be addressed.
Protein phosphatase user interface
The publicly available PhosphaBase resource not only enables the searching of the ontology-driven phosphatase database, but also provides a wider resource for phosphatase researchers. News of conferences and meetings can be posted here along with collections of data from outside sources, for example family alignments. There is also a local version of BLAST (Altschul et al., 1997) so that a query protein can be searched against all the phosphatases in the database.
Currently, queries to the database are in the form of simple canned queries that allow the user to retrieve lists, short summaries or verbose reports of proteins matching their search criteria. For the short summaries, there are a series of different 'views' for the user to choose from depending upon their interests. For example, there is a 'structure view' or a 'disease view'. Results are also colour-coded according to subfamily membership, for instance, serine/threonine phosphatases are green and tyrosine phosphatases are red. 
ABC transporter user interface
The ABC transporter resource has a modified version of Spacetree as its user interface. Spacetree is a java-based program, running using java WebStart, designed for visualizing large hierarchical data structures. The original program features a single panel, which displays classes of the same hierarchical layer. Selecting any of the classes reveals child terms, selecting any of the children, in turn, reveals their child terms allowing the hierarchical structure of the data to be displayed. In the modified version, we used the original panel to display the hierarchical relationships in the protein family ontology, but also created a second panel to display the other, more complex relationships. Clicking on a single class in the top panel still reveals its children, but it also reveals all the other relationships it has in the second panel. Therefore, the user gets the same data results as they would have with the more traditional database/servlet query, but they also see where their result falls within the ontology. This makes navigation around the structure straightforward and intuitive. The ABC transporter resource contains the complete human set of ABC transporters (49) and proven othologs and homologues from all eukaryotic model organisms.
The ABC transporter user interface provides the user with the ability to directly navigate the underlying ontology and building a similar system for the protein phosphatase resource is a long-term goal. Currently, however, the java WebStart technology used to run the Spacetree program requires the user to install extra software in order to use the resource. Since the phosphatase resource is freely available to all, we could not implement such a system for PhosphaBase in its present state.
ADVANTAGES AND LIMITATIONS OF THE ONTOLOGY-DRIVEN DATABASE SYSTEM
Database population and management
Extracting data from external sources using GO terms reduces problems associated with protein synonyms and acronyms. However, if fewer proteins are retrieved using this method than using traditional keyword searches, it would not be a viable alternative. For this reason, we performed a comparison of the two methods and found that extraction using GO retrieved a similar number of proteins, but the accuracy was much improved. Table 3 demonstrates the differences in results when searching the mouse for protein phosphatases. The Mouse Genome Informatics resource (MGI) (Blake et al., 2003) provides access to the complete genome of the laboratory mouse. Data can be searched using keywords or using GO terms as the MGI are members of the GO Consortium. Consequently, a direct comparison can be drawn on data retrieval as the exact same data set is being searched in both cases.
Extracting protein phosphatases using the keywords 'protein phosphatase' returned 70 proteins. All returned proteins were protein phosphatases with no false positives. When comparing this number with simply searching for the keyword 'phosphatase' or the phosphatase GO term, however, it was clear there were many proteins not returned.
Searching for 'phosphatase' returned 175 protein phosphatases, but also returned the greatest number of false positives. These false positives included phosphatases that were not protein phosphatases, such as fructose bisphosphatase and glucose-6-phosphatase, or phosphatase interacting proteins, such as, phosphatase and actin regulator 1. Using a more general keyword search enabled a greater number of proteins to be captured, but further analysis was needed to remove false positive also returned.
Searching using the GO term for protein phosphatase 'phosphoprotein phosphatase activity (G:0004721)' returned the greatest number of hits with only one false positive non-phosphatase, a 24-dehydrocholesterol reductase. The extra protein phosphatases identified using this method were proteins that functioned as phosphatases, but had unrelated names, for example, the cell division cycle 14 and 25 proteins, the cyclin-dependent kinase inhibitors, the eyes absent homologues and the myotubularins. All these proteins are well-documented as having phosphatase activity (Wishart and Dixon, 2002; Rayapureddi et al., 2003; Bembenek, 2003) but because their common names do not contain the word 'phosphatase' traditional keyword methods fail to capture them.
Automated classification
The formally defined relationships in the DAML+OIL ontology allow for the use of description logic 'reasoners', such as FaCT (Horrocks and Patel-Schneider, 1998) or RACER (Haarslev and Moller, 2001) , that can identify logical inconsistencies in the ontology. Also, using the ontology and the reasoner in conjunction, diagnostic tools can be developed for automated classification of proteins into subfamily groups. For example, the classical protein tyrosine phosphatase family is divided into eight receptor-type transmembrane subtypes and nine non-transmembrane subtypes (Andersen et al., 2001 ). The ontology can be used to automatically classify poorly or unannotated tyrosine phosphatases into these groupings by comparing the domain architecture.
Standard sequence analysis using multiple pattern/motif databases was performed over multiple sequences using InterPro (Mulder et al., 2003) with default threshold values. The results of these searches became attributes of ontology classes for these proteins.
Classification into tyrosine phosphatase subtypes was achieved by using the ontology to 'recognize' the attributes of these proteins. Membership in a particular tyrosine phosphatase subtype is dependent upon the organization of functional domains, for example, receptor-type subtypes have a transmembrane domain and either one or two tyrosine phosphatase catalytic domains, whereas non-receptor subtypes only have one tyrosine phosphatase catalytic domain and no transmembrane domain. Five receptor-type tyrosine phosphatase subtypes contain fibronectin III-like repeats; however, each has a different number and contains a different combination of additional functional domains.
The formal descriptions of the domain architecture of each protein from the sequence analysis results were compared to the ontology classes for each protein subtype using an ontology reasoner. If a protein architecture has properties sufficient to be a member of a particular subtype, the reasoner classifies the protein accordingly.
Use of the ontology and reasoner does not replace traditional sequence analysis but instead drives the automation of this process. The ontology system replaces the data analysis step when the sequence analysis results are obtained, again reducing human curation.
One of the most useful applications of an automated classification system such as this is the annotation of proteins in new genomes. We are currently addressing this issue with protein phosphatases.
Issues
The ontology-driven approach we have adopted for this project has proven to provide a number of advantages over traditional database systems; however, there are still limitations and problems which will have to be overcome. The main issues are the need for periodic ontology revisions and the limitations placed on the system from external sources, such as inconsistencies in the GO.
Automation of data updates using the ontology approach reduces human intervention but it cannot eliminate it altogether. The ontology itself will periodically need to be updated. The ontology model reflects the current knowledge of a research community, and work will always continue. The basic ontology model is stable, with the attributes used to describe proteins unlikely to change, but the fine detail may need to be revised over time. New subfamilies may be discovered, or new molecular functions for those already in the ontology may be determined.
The necessity for ontology updates is an infrequent and minor event. The benefits gained from the ontology-driven updates and maintenance greatly outweigh the costs of performing ontology revisions.
Using the GO to extract data from external biological sources can only be successful if the GO terms relating to specific proteins are accurate and match the current knowledge in a particular domain. If GO terms are ambiguous, or lack description, annotations to those GO terms must also be questionable. In preliminary studies, we found that GO terms for protein phosphatases and ABC transporters at a protein family level were in agreement with domain experts' views, but that there were some cases where GO terms relating to specific protein subfamilies were either missing or incomplete. As a result of this comparison, we have developed suggestions for corrections and additions. These are under review and some have already been amended.
DISCUSSION
Protein family resources are useful research aides to scientists, but can only remain useful whilst they continue to be updated and maintained. Here we have presented a model system for building a protein family resource that can be sustained with very little human intervention. Data extraction using GO terms means that there is no reliance on keyword searches or sequence identity measures and no real need for a human to perform any data analysis before new entries are incorporated into the database. As a result, the process can be automated, updating itself as and when external resources produce a new data release.
By using the GO as a means of data extraction and a formal description logic, DAML+OIL ontology as a central framework, we have produced a robust, sustainable, protein family resource for two very different protein families. The structure of the resource allows for the implementation of automated maintenance and classification strategies that could not be achieved with a simple relational database. Also, the fact that the same basic ontology could be used in the construction of the protein phosphatase and the ABC transporter resource demonstrates the generic nature of the model. Expanding such a system to other protein families should be straightforward and the most logical expansion of the protein phosphatase project would be the development of an ontology-driven protein kinase resource. Protein phosphatases and protein kinases together control phosphorylation events in the cell. Integration of the two resources would allow whole phosphorylation events to be described, producing a phosphorylation resource with a phosphorylation ontology at its centre.
